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Summary 
Collapsing factors are proteins that induce growth 
cone collapse and paralysis when added in a soluble 
form to cultured embryonic neurons. Here we examine 
the responses of growth cones to localized collapsing 
signals. Temporal retinal ganglion cell growth cones 
exposed to a localized collapsing stimulus from nasal 
retinal ganglion cell axons frequently turn smoothly 
away from the axons without collapsing. Turning is 
rare on contact with retinal axons that are unable to 
induce collapse. In a separate series of experiments, 
dorsal root ganglion growth cones tend to turn away 
from beads coated with a brain extract enriched for 
the motility-inhibiting protein collapsin. Many turns are 
accomplished with filopodial contact alone. Growth 
cones do not turn away from control beads coated 
with heat-inactivated collapsin. These results suggest 
that inhibitory guidance cues can steer growth cones 
through a localized inhibition of lamellipodial protrusion. 
Introduction 
The trajectory of an extending growth cone is controlled 
by its response to locally inhomogeneous guidance cues. 
Recent studies in vitro and in vivo indicate that some of 
these cues may act to repulse specific axons. Examples 
include the mutual avoidance of peripheral and central 
axons (Kapfhammer and Raper, 1987b), the avoidance of 
posterior tectum by temporal retinal ganglion cell axons 
(Walter et al., 1987), the avoidance of oligodendrocytes 
by dorsal root ganglion (DRG) axons (Fawcett et al., 1989; 
Bandtlow et al., 1990), the avoidance of posterior half- 
somites by spinal axons (Davies et al., 1990), the avoid- 
ance of nasal retinal ganglion cell axons by temporal reti- 
nal ganglion cell axons (Raper and Grunewald, 1990), the 
avoidance of sensory axons by preganglionic sympathetic 
axons (Moorman and Hume, 1990), and the avoidance of 
septal tissue by olfactory tract axons (Pini, 1993). 
One method of identifying putative repulsive cues is to 
screen for proteins that induce changes in growth cone 
morphology similar to those seen when a growth cone 
touches a repulsive cellular substrate. A motile growth 
cone normally has a distinctive spread morphology in cul- 
ture conditions that support axonal extension. Upon con- 
tact with a repulsive cell surface, this spread morphology 
collapses in upon itself, and the growth cone becomes 
temporarily paralyzed (Kapfhammer and Raper, 1987b). 
We developed a bioassay that detects collapse-inducing 
activities. Membrane extracts are tested for their ability 
to induce the collapse of cultured growth cones. The assay 
has been used to show that collapsing activities can be 
recovered from embryonic chick brains (Raper and Kapf- 
hammer, 1990), embryonic chick somites (Davies et al., 
1990), posterior optic tecta (Cox et al., 1990), and CNS 
myelin (Bandtlow et al., 1993). 
This assay has been used recently to identify a growth 
cone-collapsing protein, collapsin, in the chicken brain 
(Luo et al., 1993). Recombinant collapsin induces the col- 
lapse of DRG growth cones, but not retinal ganglion cell 
growth cones. Its N-terminal half is related to a protein in 
the grasshopper that helps to guide peripheral pioneer 
axons along their distinctive route into the CNS (Kolodkin 
et al., 1992). Collapsin appears to be a secreted protein 
with a positively charged C-terminal that could bind it to 
cell surfaces or the extracellular matrix. Its mRNA can be 
detected in the early embryonic CNS through adulthood. 
Collapsin is estimated to be effective at concentrations 
in the 10 pM range, suggesting its activity is mediated 
through a high affinity receptor and possibly the activation 
of a signal transduction pathway. The presence of col- 
lapsin in the embryonic nervous system, its high potency, 
its specificity of action, and its similarity to a known guid- 
ance molecule all suggest that it is likely to be a growth 
cone guidance molecule. 
There is a conceptual problem, however, in understand- 
ing how a collapsing factor could function as a guidance 
molecule. At first glance, collapse and paralysis might be 
expected to bring growth cone extension to a premature 
halt, rather than acting as a useful guidance mechanism. 
However, there are at least two general classes of mecha- 
nisms by which a collapsing response could be harnessed 
to play a role in guidance. In the first class, collapsing 
signals would affect entire growth cones. For example, 
collapsed growth cones in vitro often reform and advance 
in a slightly new direction (Kapfhammer and Raper, 1987a). 
It is conceivable that through trial and error, with each 
error punished by collapse, the most appropriate route will 
be discovered. Alternatively, collapse-inducing cues may 
act to halt the extension of inappropriately directed growth 
cones on branched neurites that have more than one 
growth cone. Selective collapse could effectively prune 
branched neurites, leaving only the most appropriate 
branches. Such a mechanism might be especially useful 
for systems in which extensive branching occurs during 
pathfinding, e.g., during retinal fiber innervation and target 
acquisition in the tectum (Fujisawa, 1984, 1987; O'Rourke 
and Fraser, 1986, 1990; Nakamura and O'Leary, 1989; 
Simon and O'Leary, 1992). Moreover, a hybrid of these 
schemes could guide growth cones. Oakley and Tosney 
(1993) have described a situation in which a potential col- 
lapsing cue may first induce a growth cone to branch and 
subsequently induce the elimination of the most inappro- 
priate of the two branches. 
In contrast to these mechanisms, in which guidance in- 
volves the collapse of whole growth cones, a single, contin- 
uously motile growth cone could be steered away from a 
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Figure 1. A Temporal Retinal Ganglion Cell 
Growth Cone Turns Smoothly Away from a Na- 
sal Axon 
Successive views of a temporal growth cone 
encountering a nasal axon angled approxi- 
mately 45 ° across its path. No obvious collapse 
is seen throughout the turn. Arrow at 0 rain 
indicates the first contact between the growth 
cone and the axon. The time in minutes at 
which each frame was taken is indicated in the 
lower left hand corner of each panel. Negative 
numbers are minutes before the first contact 
between growth cone and axon, and positive 
numbers are minutes after the first contact. 
Each open arrowhead marks an apparent bias 
in lamellar protrusion away from the nasal 
axon. The field is shifted once between -12 
and 0 rain and once again between 10 and 
14 min. Asterisks mark fixed points  he field. 
Bar, 10 ~m. 
localized collapsing stimulus. If the effect of a localized 
collapsing stimulus were confined to only a limited region 
of a growth cone, the unaffected portion of the growth 
cone could extend away from the stimulus. A necessary 
condition for this form of guidance is that a localized col- 
lapsing stimulus must cause a localized collapsing or mo- 
tility-inhibiting response. In the assay used to identify col- 
lapsing activities, there is no opportunity to determine 
whether local collapsing responses can occur, since the 
entire growth cone is bathed in solubilized collapsing ac- 
tivity. 
In this study, we tested whether locally applied collaps- 
ing stimuli can redirect growth cone trajectories without 
initiating full-scale collapse. Previous work has shown that 
a temporal retinal ganglion cell growth cone usually col- 
lapses when it meets a nasal axon head on, a situation 
in which its entire leading edge is exposed to the collapsing 
stimulus (Raper and Grunewald, 1990). Here, we tested 
the response of temporal growth cones that touch nasal 
axons on only one side. Approximately half of the growth 
cones collapse as before, but the other half turn away from 
the nasal axon without collapsing. Such turns are rare in 
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anyother combination of temporal and nasal growth cones 
and axons, situations in which collapse is also rare. These 
results suggest that a collapsing activity can steer growth 
cones without inducing full collapse. 
To study this steering event in more detail, we analyzed 
the behavior of growth cones when they are exposed to 
a more localized and better defined source of collapsing 
activity. An enriched collapsin-containing preparation 
made from chick brains was covalently coupled to 1 I~m 
beads. Control beads were prepared by heat inactivating 
the activity already coupled to beads. A majority of DRG 
growth cones avoid collapsin-coated beads without col- 
lapsing. Lamellar protrusion on the contacting side ap- 
pears to be reduced in comparison with the noncontacting 
side. This avoidance and local inhibition of protrusion is 
often accomplished with only filopodial contact. Control 
beads are not avoided. These results suggest that local 
exposure to collapsing activities can steer growth cones 
by inhibiting lamellar protrusion in the immediate vicinity 
of exposure. They also indicate that filopodia can play a 
sensory role in growth cone guidance. 
Results 
Shallow-Angle Encounters of Temporal Retinal 
Ganglion Cell Growth Cones with Nasal Axons 
Previous work has shown that retinal ganglion cell axons 
from the nasal half of the eye express a cue that induces 
the collapse of temporal retinal ganglion cell growth cones 
but not nasal growth cones. Temporal axons do not ex- 
press this collapse-inducing cue (Raper and Grunewald, 
1990). Temporal growth cones, therefore, collapse on con- 
tact with nasal axons, but collapse does not occur in any 
other pairing of temporal and nasal growth cones and ax- 
ons. These previous studies were limited to growth cones 
that met axons at approximately a right angle. Under these 
conditions, when the entire leading edge of a temporal 
growth cone contacts a nasal axon, the growth cone usu- 
ally collapses fully. In this study, we examine the behavior 
of temporal growth cones that approach nasal axons at 
an angle of between 30 ° and 50 ° . This geometry ensures 
that only one side of a temporal growth cone contacts a 
nasal axon and is thus exposed to the collapsing cue. If 
entire growth cones collapsed during these shallow-angle 
approaches, the implication would be that a localized ex- 
posure to the cue induces collapse that spreads through- 
out the entire growth cone. If growth cones collapsed or 
failed to extend only on the side that is exposed to the 
cue, the implication would be that the collapsing effect 
can remain localized. A local effect could serve as the 
basis for smoothly steering the growth cone away from 
the collapsing stimulus. 
Temporal retinal ganglion cell growth cones were filmed 
as they encountered nasal axons at angles of 30o-50 ° . 
In 45% of 22 encounters, growth cones collapsed fully 
within 8 + 2 min (mean _ SEM) after contact. Full col- 
lapse was characterized by a complete cessation of exten- 
sion along the entire leading edge of the growth cone, 
followed by active retraction of filopodia and lamellipodia. 
Interestingly, another 41% of the growth cones did not 
collapse. Instead, they turned away from the axons in their 
path. Figure 1 shows one such encounter. A filopodium 
on the left side of a temporal retinal growth cone made 
contact with a nasal axon (arrow, 0 min). Subsequent la- 
mellar extension was reduced on the left side of the growth 
cone as compared with the right side (open arrowhead, 
1 min). At 6 min, a few filopodia on the left side of the 
growth cone made new contacts with the axon, and these 
contacts were also followed by a preponderance of exten- 
sion on the right side as compared with the left side (open 
arrowhead, 6 min). Each bout of biased extension tended 
to pull the temporal axon away from the nasal axon, and 
these changes in orientation tended to reestablish the ap- 
parent symmetry of the growth cone. More filopodia made 
new contacts with the nasal axon, and these were again 
followed by a noticeable bias in the balance of extension 
away from the nasal axon (open arrowheads, 14 and 17 
min). These events resulted in a smooth turn so that by 
23 rain the growth cone was advancing beside the nasal 
axon. The growth cone continued to extend filopodia and 
lamellipodia throughout he turn, and no wholesale col- 
lapse occurred. Turns like these are not to be confused 
with fasciculation, in which growth cones extend upon ax- 
ons. Instead, these growth cones extended parallel to and 
well to the side of the nasal axons, with minimal contact 
between the the two. 
In 6 of 9 instances in which growth cones turned away 
from axonswithout collapsing, turns commenced after filo- 
podial contact with the nasal axons but before lamellar 
contact. These turns were initiated by filopodial contact 
alone. 
To determine whether the turning response can be ex- 
plained by a mechanical interaction between the temporal 
growth cones and nasal axons, we observed interactions 
between growth cones and axons in which no collapsing 
response would be expected. These included encounters 
between temporal growth cones and temporal axons and 
between nasal growth cones and either temporal or nasal 
axons. In 62% of 53 encounters at angles between 30 ° 
and 50 °, growth cones crossed the axons angled across 
their paths without turning. Crossing took on average 18 
min from first contact until all the lamellipodia dvanced 
Table 1. Behavior of Retinal Growth When Contacting Retinal 
Axons at a Shallow Angle 
Turn Full Collapse Cross Fasciculate 
(%) (%) (%) (%) 
T-N (n = 22) 41 45 14 0 
T-T (n = 17) 
N-N (n = 22) 11 9 62 17 
N-T (n = 14) 
Growth cone-axon pairings are indicated to the left. The type of growth 
cone is listed first, and the type of axon encountered islisted second. 
T, temporal growth cone or axon; N, nasal growth cone or axon. Data 
are expressed as the percentage of growth cones exhibiting each 
behavior as follows (n = number of encounters in each category): 
growth cones turned away from axon without collapse (Turn), growth 
cones collapsed fully after contacting axons (Full Collapse), growth 
cones crossed over axons (Cross), or growth cones fasciculated with 
axons after contact (Fasciculate). 
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Table 2. Behavior of DRG Growth Cones When Contacting 
Collapsing Factor-Coated (Active) Beads and Control 
(Inactive) Beads 
Contacted by 
Picked Up (%) Lamellipodia (%) 
Active beads 
(n = 30) 7 40 
Inactive beads 
(n = 22) 41 82 
The number of encounters in each category(n) is indicated in parenthe- 
ses. Picked Up, the percentage of encounters in which growth cones 
picked up beads after contacting them; Contacted by Lamellipodia, 
the percentage of encounters in which growth cones contacted beads 
with their lamellipodia. 
beyond the axons. The next most likely outcome was the 
fasciculation of growth cones onto the axons. Fascicula- 
tion was defined as the extension of lamellae directly on 
top of the axons. In rare instances growth cones collapsed 
fully or turned away without fasciculating. The frequencies 
of these outcomes are summarized in Table 1. 
Figure 2. A DRG Growth Cone Does Not Turn Away from a Heat- 
Inactivated Bead after Filopodial Contact 
The small arrowheads in every panel mark a heat-inactivated (control) 
bead that is encountered by a DRG growth cone. The large arrowheads 
at 0 and 7 rain indicate he filopodium that first makes contact with 
the bead. The growth cone slips underneath this bead at 50 min and 
carries it forward (not shown). Negative numbers are minutes before 
the first contact between growth cone and bead, and positive numbers 
are minutes after the first contact. Bar, 10 pro. 
Encounters of DRG Growth Cones with Collapsing 
Factor-Coated Beads 
To study the effect of a localized collapsing stimulus in 
more detail, we turned our attention to the behavior of 
DRG growth cones encountering beads coated with a 
brain-derived growth cone-collapsing factor (active beads) 
or coated beads that were heated to inactivate the collaps- 
ing activity (control beads). Nearly all the growth cones 
we filmed (51/52) were observed to first contact beads 
with their filopodia. This is most likely a reflection of the 
dynamic behavior of filopodia. They extend and retract 
constantly, sometimes bending in their middle and often 
swinging freely in the medium. This enables the fi lopodia 
to sample the whole region immediately in front of the 
lamellipodia. Once a fi lopodium touched a bead, it would 
stay in contact with it for at least 2 min. This was true when 
either active and inactive beads were encountered. 
Figure 2 shows a representative example of a growth 
cone encountering a control bead. This growth cone ad- 
vanced in a straight line ( -10  through 0 rain) before a 
fi lopodium on its left side made contact with the bead (0 
rain, large arrow). The growth cone continued to advance 
while maintaining filopodial contact (7 and 15 min). The 
leading edge ultimately made contact and extended be- 
neath the bead (50 min). The bead was thereby lifted up 
from the substratum and carried on top of the advancing 
growth cone. The growth cone continued extending on its 
original trajectory throughout the entire interaction. 
As summarized in Table 2, 41% of 22 DRG growth cones 
that encountered control beads picked them up as shown 
in Figure 2. In another 41% of the encounters, lamell ipodia 
extended just to the side of the bead rather than beneath 
it. In both types of encounters (82% of the total), the growth 
cones continued to advance along their original trajec- 
tories, and lamell ipodia made contact with the beads. In 
the remaining 18% of the encounters, the growth cones 
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turned away from the beads after filopodial contact, and 
in these encounters lamellipodia did not have an opportu- 
nity to contact the beads. 
The behavior of growth cones that encounter collapsing 
factor-coated beads is distinctly different from those that 
encounter control beads. A majority of growth cones 
turned away from active beads after experiencing filopod- 
ial contact alone. As a result of the early turning initiated 
by filopodial contact, lamellipodia usually did not contact 
active beads. Most or all lamellipodia would have been 
expected to contact the beads if their original trajectory 
had been undisturbed. In 60% of 30 encounters, lamelli- 
podia of growth cones never made contact with active 
beads. In the remaining 40% of the encounters, growth 
cones made no significant turn, and their lamellipodia 
made contact with the beads. Interestingly, even those 
growth cones that failed to turn and avoid active beads 
were less likely to pick up the beads as compared with 
growth cones that touched inactive beads (Table 2). 
Figure 3 shows a DRG growth cone deflected from its 
expected trajectory after contacting a pair of active, col- 
lapsing factor-coated beads. The growth cone advanced 
in a relatively straight line before contact (-21 and 0 rain). 
Two filopodia originating from the same lamellipodium on 
the right side of the growth cone made contact with the 
beads (arrowheads, 0 and 1.5 min). Subsequently, the 
growth cone continued to extend on its left side (open 
arrow, 1.5 min), while the processes on its right side with 
contacting filopodia shriveled (closed arrow, 1.5 min). The 
newly formed extension on the left side was consolidated, 
and as a result, the growth cone turned smoothly away 
from the beads without the lamellipodia making contact 
(44 min). There was extensive filopodial extension and 
activity on both sides of the growth cone throughout he 
interaction. 
In 1 of 30 encounters with active beads, a turn was ac- 
complished by the collapse of one arm of a branched 
growth cone. The original growth cone developed with a 
Y-shaped morphology. The branch that first contacted the 
bead collapsed back, and the branch on the opposite side 
expanded and advanced. Of 30 growth cones, 2 collapsed 
fully after encountering active beads. Of these growth 
cones, 1 completed a 65 ° turn 13 min after a filopodium 
contacted the bead. It then developed a fully collapsed 
morphology 20 min later and remained immobile for at 
least another 20 min. In the only case in which a lamelli- 
podium of a growth cone made the first contact with an 
active bead, the growth cone collapsed fully within 8 min 
of contact. 
The trajectories of all the growth cones in the experimen- 
tal and control groups were compared quantitatively. The 
trajectories of experimental and control encounters are 
shown in Figure 4; dashed lines on the left represent rajec- 
tories before contact, solid lines in the middle represent 
trajectories after first contact, and dashed lines continued 
to the right represent rajectories after last contact or after 
the centers of growth cones had passed the beads (see 
Experimental Procedures). Many but not all of the trajecto- 
ries curved away from the active beads after contact, while 
trajectories were as likely to curve toward as away from 
Figure 3. A DRG Growth Cone Turns Away from Collapsing Factor- 
Coated Beads after Filopodial Contact 
The small arrowheads in every frame mark one collapsing factor- 
coated bead. The arrows in 0 and 1.5 min frames indicate he only 
filopodium that contacts this bead. At 1.5 min and at subsequent times 
not shown, a second filopodium from the same region of the growth 
cone contacts a second active bead (indicated by a small arrowhead 
with a small asterisk). The large open arrowhead at 1.5 min indicates 
extension biased away from the contacted beads; thelarge closed 
arrowheads indicate a portion f the growth cone that extends little 
after attached filopodia contact the two beads. The field is shifted 
between 5 and 44 rnin, and the large asterisk indicates a fixed refer- 
ence point during this shift. Bar, 10 p.m. 
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Figure 4. DRG Growth Cone Trajectories When Encountering Col- 
lapsing Factor-Coated Beads as Compared with Control Beads 
Inactive control beads were prepared by heat treating active collapsing 
activity-coated beads. Dotted trajectories indicate the paths of individ- 
ual growth cones before any contact with beads or after their centers 
pass by the beads. Solid lines indicate trajectories between first and 
last contact, or between first contact and the time at which the centers 
of the growth cone pass by the beads. The number of encounters of 
each type are indicated. The closed circles indicate the locations of 
the inactive and active beads. See Experimental Procedures for de- 
tails. Bar, 10 pro. 
control inactive beads. Turn angles were measured from 
these tracings (see Figure 5 and Experimental Proce- 
dures) and plotted as the percentage of growth cones that 
turned less than the angle indicated on the X-axis (Figure 
6). Negative angles represent urns toward the beads, and 
positive angles represent turns away from the beads. The 
curve for inactive beads is symmetric around 0 ° . Many of 
these growth cones did not turn at all or turned through 
small angles either away from (8122) or toward (7/22) the 
inactive beads. The curve for active beads is shifted to 
the right, indicating that many more growth cones turned 
away from the active beads (19•30) than turned toward 
toward them (1130). On average, growth cones turned 
13 ° _+ 3 ° (mean _+ SEM) away from active beads and 
0 ° 4- 2 ° away from inactive beads. These two populations 
of turn angles are different to the p < .01 level as judged 
by the nonparametric Wilcoxon Rank Test. 
The difference between the average turn angles was 
not correlated with the relative positions between the 
beads and growth cones. The relative position of a growth 
cone to a bead was analyzed by measuring, upon the first 
contact, the angle of the bead to the original direction of 
growth cone advancement (see Figure 5 and Experimental 
Procedures). The average angles are not significantly dif- 
ferent between encounters in the control group (a = 14 °) 
and test group (a = 13°; Wilcoxon Rank Test, p > .5). 
In each of a small number of growth cones, it was possi- 
ble to measure the frequency with which specific regions 
of the leading edge advanced. This analysis was limited to 
growth cones in which a single filopodium, but no lamellae, 
touched a bead for at least several minutes. We analyzed 
4 growth cones that clearly turned away from active beads 
and 4 growth cones that did not turn away from inactive 
beads. The frequencies of advance on the side of the 
~I bead 
_ tra jectory before or after  contact 
- - - .  t ra jectory during contact  
(z: angle to the bead upon first contact 
15: angle of turn 
Figure 5. The Method by which Turn Angle Was Measured during a 
Growth Cone Encounter with a Bead 
The trajectory of the center of a growth cone is indicated in gray both 
before first contact and after last contact or after the center of the 
growth cone passes by the bead (closed circle). The trajectory between 
these two time points is indicated by the solid black line. The average 
direction of extension before contact is indicated by line i. The turn 
angle 13 is measured between line i and a line drawn between the 
beginning and ending locations of the trajectory indicated by the solid 
line (line ii). The angle ct was used to measure bead locations in encoun- 
ters with active as compared with inactive beads (see Experimental 
Procedures for details). 
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Figure 6. A Comparison of Turn Angles for DRG Growth Cones 
Encountering Active and Inactive Beads 
Angles indicated on the bottom axis are positive when growth cones 
turn away from the beads and negative when they turn toward the 
beads. The percentage of turns that are less than the angle indicated 
are plotted for encounters with inactive control beads (open squares) 
and collapsing factor-coated beads (closed circles). Each growth cone 
is represented by one point. As many growth cones turned toward as 
compared with away from inactive control beads, and the median turn 
angle was 0% A preponderance of growth cones turned away as com- 
pared with toward active beads, and the median turn angle was approx- 
imately 10 ° away. The displacement of the curve to the right for the 
active beads indicates a bias in turns away from the active as compared 
with the control beads. The probability that the experimental nd con- 
trol populations of turn angles are the same is p < .01 by the nonpara- 
metric Wilcoxon Rank Test. 
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Figure 7. Frequency of Lamellipodial Extension as a Function of Angular Position before and after Contacting Active and Inactive Beads 
Open circles represent the frequency of lamellipodial extension before the first contact; closed triangles represent the frequency of lameilipodial 
extension after first contact (see Experimental Procedures for details). Frequency of lamellipodial extension (X-axis) is defined as the percentage 
of 20 s time intervals in which lamellae at a defined point advanced forward. The total number of minutes before and after contact used in each 
analysis is indicated beneath each panel. The positions at which filopodia that contact beads insert into the growth cone lamellae are indicated 
by arrows since the apparent positions changed as the growth cone advanced or turned. Examples are given for encounters of DRG growth cones 
with active collapsing factor-coated beads in which smooth turns occurred (A-D) and for encounters with inactive control beads in which no turns 
occurred (E-H). The closed arrow in (A) indicates an apparent decrease in lamellipodial extension on the side with a filopodium that contacts an 
active bead, and the open arrow indicates an apparent increase of lamellipodial extension on the opposite side of the growth cone. 
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growth cones facing active or inactive beads were com- 
pared with the sides facing away. For each growth cone, 
the frequency of lamellipodial extension (marked on the 
horizontal axis) is plotted on a polar graph as a function 
of angular position (radial spokes) in each panel of Figure 
7 ([A-D] active beads; [E-H] inactive beads). The angular 
position at which the contacting filopodia inserted into the 
growth cone lamellae during the period of analysis is indi- 
cated by the arrow on the upper right side of each graph. 
The frequencies of lamellipodial extension before contact 
are plotted with open circles and after contact with closed 
triangles. The periods of time analyzed for each condition 
are indicated under each graph. 
As shown in Figure 7A, the frequency of lamellipodial 
extension has a roughly symmetrical distribution before 
contact. Extension is more frequent at the leading edge 
and less frequent o either side. The frequency of lamelli- 
podial extension on a side exposed to an active bead by 
filopodial contact (60o-0 °) was observed to decrease in 
the cases analyzed in (A; closed arrow), (B), and (C). 
The growth cone in (D) had little extension on the side of 
filopodial contact before and after contact. The frequency 
of lamellipodial extension on the noncontacting side ap- 
pears to increase simultaneously in (A) (open arrow) and 
(B). During interactions with control beads (E-H), however, 
the frequency of lamellipodial extension does not de- 
crease on the side experiencing filopodial contact, nor 
does it increase on the opposite side. 
Discussion 
We have examined how a locally applied collapsing stimu- 
lus affects growth cone behavior. Our results suggest that 
collapsing signals can alter growth cone trajectories with- 
out inducing full scale collapse or paralysis. Moreover, 
they provide strong support for the hypothesis that filo- 
podia detect signals in the outside environment hat 
activate an intracellular signaling process. The resulting 
signal can induce a localized alteration in motility that de- 
termines the trajectory of the growth cone. 
In one series of experiments, we took advantage of the 
known specificity of inhibitory interactions between vari- 
ous combinations of temporal and nasal retinal ganglion 
cell growth cones and axons. Most temporal growth cones 
collapse when they meet nasal axons head on, but do not 
collapse when they meet temporal axons. Nasal growth 
cones do not collapse when they meet either temporal or 
nasal axons. By choosing collisions in which growth cones 
approached axons at a shallow angle, we were able to 
compare the behavior of growth cones challenged on one 
side with either a collapse-inducing axon or a non-col- 
lapse-inducing axon. A dramatic difference in growth cone 
behaviors was observed; 86% of temporal growth cones 
approaching nasal axons at an angle either collapsed fully 
or turned smoothly away without collapsing. Both out- 
comes were equally likely. In all other combinations of 
growth cones and axons, where collapse would not be 
expected in head-on collisions, 81% of the growth cones 
crossed over or fasciculated with the axons they met. 
Since any mechanical constraints in the two sets of inter- 
actions should be nearly identical, and since smooth turns 
occur at a high frequency only when collapse is the only 
other likely outcome, we conclude that collapse and turns 
are likely to be initiated by the same cue, and that a local- 
ized exposure to a collapsing stimulus can induce smooth 
turns without inducing wholesale collapse. 
In a second series of experiments, an enriched brain- 
derived collapsing activity was coupled to 1 ~m beads, 
and the beads were used to deliver a localized collapsing 
stimulus to growth cones. Approximately one-half of the 
growth cones turned smoothly away from active beads. 
This turning response is unlikely to be caused by non- 
specific mechanical interactions with the beads. Growth 
cones were less likely to turn away from heat-inactivated 
beads, which should have identical mechanical and sur- 
face properties. Turns induced by contact with collapsing 
factor-coated beads are therefore best ascribed to the 
presence of the collapsing activity. 
Not all growth cones turned away from active beads. 
Interestingly, growth cones that failed to turn and whose 
lamellae therefore made contact with active beads were 
less likely to advance beneath them and displace them 
from the surface than growth cones that collided with inac- 
tive beads. This implies that the inhibitory signal was pres- 
ent and that at least the lamellae of the growth cones were 
responsive. Perhaps the signal was too weak to induce 
turning mediated by filopodial contact alone, or there was 
insufficient filopodial contact o induce turning. It would not 
be surprising if the amount of collapsing activity coupled to 
each bead was only marginally effective in inducing turns. 
As detailed in Experimental Procedures, we estimate that 
roughly 1300 molecules of collapsin are coupled to each 
bead. Since a filopodium can sample only a small portion 
of a bead at one time, the turning responses we see may 
be triggered by the recognition of less than a few hundred 
collapsin molecules. Such a weak stimulus may not always 
be effective. It should be kept in mind that these estima- 
tions are necessarily crude and do not take into account 
the possibility that other inhibitory factors besides col- 
lapsin could be present in the protein mixture coupled to 
the beads. This issue can be explored in more detail when 
purified recombinant collapsin becomes available, thus 
making it possible to couple more pure collapsin mole- 
cules to each bead. 
How can a localized collapsing stimulus induce a smooth 
turn? A likely explanation is that net lamellar extension is 
biased away from localized collapsing stimuli. Temporal 
growth cones turning away from nasal axons have periods 
of roughly symmetric lameliar extension alternating with 
periods in which lamellar extension is predominantly di- 
rected away from the nasal axon. Each episode of biased 
extension appears to pull the end of the trailing axon to- 
ward the direction of the turn, which thereby tends to re- 
establish growth cone symmetry. DRG growth cones that 
turn away from beads coated with collapsing activity show 
a similar bias in extension. Our films suggest that lamellae 
whose filopodia are in contact with active beads generally 
remain motionless or withdraw, leaving those advancing 
in other directions to dominate subsequent extension. This 
behavior is very similar to previous observations of non- 
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Figure 8. NetLamellipodialExtensionandRetractionduringtheTurn- 
ing Response of a Growth Cone 
The perimeter of a growth cone is indicated by the stippled area at 
to, and the perimeter sometime later during a turn is indicated by the 
open outline at tl. Open arrows indicate portions of the lameltae that 
experience a net withdrawal, and closed arrows indicate larnellae that 
experience a net extension. 
neuronal cells in which contact-mediated inhibition of la- 
mellar advancement was shown to orient them in parallel 
arrays (Erickson, 1978). 
The dynamic behavior of growth cones and their end- 
lessly varied shapes make biases in extension difficult o 
quantitate. We attempted to do so by measuring the fre- 
quency with which given regions of lamellae advanced 
during fixed time intervals. Before the filopodia of growth 
cones contact active beads, or when they contact inactive 
beads, the distributions of extension frequencies are sym- 
metric from side to side. When the filopodia of growth 
cones touch active beads, this symmetry is broken and 
the frequency with which lamellae extend away from the 
bead is sometimes measurably higher than the frequency 
with which lamellae extend toward the bead. However, 
this simplified analysis does not take into account the rate 
at which extensions and withdrawals occur or the great 
complexity in the geometry of the actual growth cones. It 
is perhaps for this reason that a bias in extension was not 
detected in every case. However, it is manifest hat during 
a smooth turn a growth cone must experience more net 
extension in the direction of the turn than in other direc- 
tions. As illustrated in Figure 8, a growth cone turning 
during the interval to to tl must extend more than it retracts 
in the area indicated with closed arrows, and must retract 
more than it extends in the area indicated with open arrows. 
This argument and our data lead us to propose that lamel- 
lae on the side of a growth cone that is in filopodial contact 
with a localized collapsing stimulus are less likely to ad- 
vance than lamellae on the noncontacting side. This bias 
in extension can induce growth cones to turn smoothly 
away from the stimulus without collapsing. 
The behavior of a smoothly turning growth cone can 
therefore be explained by a localized effect of the collaps- 
ing stimulus. In other instances, however, a localized col- 
lapsing stimulus induces the collapse of an entire growth 
cone. This argues that the collapsing signal can spread 
throughout he growth cone. We therefore hypothesize 
that a localized collapsing stimulus generates a signal that 
can spread through the growth cone, but that the signal 
decreases as it spreads. A brief or weak stimulus spreads 
only a short distance before it fades away. It therefore 
produces a localized decrease in lamellar advance. Strong 
or prolonged collapsing stimuli induce signals that spread 
throughout he growth cone before they are significantly 
reduced, and they thereby induce total collapse. This might 
occur when a growth cone encounters a strong collapsing 
stimulus or fails to redirect its trajectory quickly enough 
to avoid prolonged contact with a collapsing stimulus. As 
would be expected by this latter possibility, we observed 
some cases in which growth cones started to turn after 
contacting nasal axons, but then collapsed fully before 
completing their turn. 
Our analysis shows that the trajectory of a whole growth 
cone can be altered when even a single filopodium con- 
tacts a surface with collapse-inducing properties. This pro- 
vides strong evidence that recognition of an iinhibitory cue 
is transduced into a signal that spreads down the filopodial 
shaft and affects lamellar extension earby. The extremely 
high potency of collapsin suggests that collapsing factors 
can be recognized by high affinity receptors and that their 
effects are likely to be mediated through second messen- 
ger systems (Luo et al., 1993). This hypothesis is strength- 
ened by the observations we report here. The collapsing 
activity in our bead experiments was covalently coupled 
to the beads, and the simplest explanation for how this 
activity alters growth cone behavior is that it directly acti- 
vates a cell surface receptor. The apparent spread of a 
signal down the shaft of the filopodium and into the body 
of the growth cone is consistent with the activation of a 
diffusible intracellular messenger pathway. 
The effect of a spreading intracellular signal on growth 
cone motility may be mediated by its effect on actin poly- 
merization. A normal motile growth cone has a very high 
relative concentration of F-actin at its leading edge and a 
lower concentration of F-actin in its interior. Exposure of 
a growth cone to enriched collapsing factor causes a net 
loss of F-actin in the leading edge of the growth cone (Fan 
et al., 1993). Lamellar protrusion at the leading edge of 
motile cells appears to require (e.g., review by Smith, 
1988), and may in fact be driven by, the polymerization 
of actin (Tilney and Kallenbach, 1979; Hill and Kirschner, 
1982; Theriot et al., 1992; Forscher et al., 1992). We pro- 
pose that an intracellular signal activated by a collapsing 
activity ultimately leads to a net decrease in actin polymer- 
ization at the leading edge and thereby to decreased la- 
mellar protrusion. The production of a localized distribu- 
tion of this signal should induce a localized inhibition of 
lamellar advance. 
These findings are relevant o theories concerning the 
role filopodia play in growth cone advancement and guid- 
ance. Two competing hypotheses regarding the function 
of filopodia have emerged over the years. In one, filopodia 
are hypothesized to serve a mechanical function in growth 
cone advance. Evidence in support of this theory includes 
the observations that filopodia are preferentially oriented 
in the direction in which growth cones turn in chemical 
gradients or electric fields (Gundersen and Barrett, 1980; 
McCaig and Rajnicek, 1991), that filopodia can exert 
tractive forces (Heidemann et al., 1990), and that de- 
taching selected filopodia can redirect growth cone exten- 
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Figure 9. A Model Relating a Localized Exposure to a Collapse- 
Inducing Guidance Cue and the Localized Inhibition of Nearby Actin 
Polymerization 
See Discussion for details. 
sion in the direction of the remaining filopodia (Wessells 
and Nuttall, 1978). Thus, growth cones may tend to pull 
themselves forward in the direction in which the most filo- 
podia are extended andattached. An alternative hypothe- 
sis is that filopodia do not have a major mechanical func- 
tion, but instead act as sensors for guidance cues in the 
outside environment. Support for this hypothesis includes 
the observations that growth cones sometimes collapse 
when single filopodia touch specific cell surfaces (Kapf- 
hammer and Raper, 1987a; Bandtlow et al., 1990; Bast- 
meyer and Stuermer, 1992), that entire growth cones can 
be redirected when single filopodia contact nearby inter- 
mediate target cells (O'Connor et al., 1990; Myers and 
Bastiani, 1993), and that an intracellular signaling pathway 
can be activated in isolated filopodia (Davenport et al., 
1993). Our results strongly support the hypothesis that 
filopodia can fulfill a sensory role in growth cone guidance. 
A steering mechanism based on local collapse may help 
explain some previously reported observations. Cultured 
DRG growth cones typically collapse on contact with oligo- 
dendrocytes, but they have occasionally been observed 
to turn smoothly away from them instead (Fawcett et al., 
1989). Similarly, cultured temporal retinal growth cones 
have been observed to turn away from a substrate coated 
with posterior tectal membranes that contain a temporal- 
specific collapsing activity (Walter et al., 1990; Cox et al., 
1990). Temp0i'al retinal growth cones are hypothesized 
to avoid a midline cue at the optic chiasm (Godement et 
al., 1990; Sretavan, 1990; Wizenmann et al., 1993), and 
temporal growth cones have been observed to turn smoothly 
away from the midline in organ culture (Sretavan and Rei- 
chardt, 1993). Oakley and Tosney (1993) found that spinal 
motor neurons can turn smoothly away from cultured me- 
sodermal sclerotome cells. They reported that lamellar 
protrusion was reduced on the sides of growth cones that 
had filopodia in contact with sclerotome cell surfaces. 
Their observations would be analogous to ours if sclero- 
tome cells expressed a cue with a weak collapsing effect 
on spinal motor neurons. Recently, it has been proposed 
that olfactory bulb growth cones turn in response to a gra- 
dient of a soluble inhibitory activity emanating from septal 
tissue in culture (Pini, 1993). Local inhibition of motility is 
one potential mechanism by which growth cones could 
gradually redirect their extension away from higher con- 
centrations of a soluble inhibitory cue distributed in a gra- 
dient. 
We propose the following working hypothesis for how 
a growth cone trajectory is altered by a localized guidance 
cue (Figure 9). An external igand is recognized by a spe- 
cific cell surface receptor that in turn activates an intracel- 
lular messenger pathway. Since filopodia represent a sig- 
nificant proportion of the growth cone surface and are 
constantly waving about out in front of its leading edge, 
they will often make first contact with the ligand. Activation 
of receptors by the ligand induces the production of a dif- 
fusible messenger that then spreads down the shaft of the 
filopodium and into nearby regions of the growth cone. Its 
spread is limited in extent by a short half life, consumption 
of the messenger by its targets, or a generally distributed 
slow inactivator (Bonhoeffer and Gierer, 1984). In the case 
of a collapse-inducing signal, the messenger ultimately 
causes a depression in the polymerization of F-actin within 
nearby lamellae. A loss of F-actin slows down or halts 
lamellar extension near the stimulus. Lamellae in less af- 
fected regions of the growth cone continue to extend, and 
the trajectory of the growth cone is thereby biased away 
from the localized collapsin stimulus. 
In response to a very strong or widespread collapsing 
signal, so much messenger is produced that it spreads 
through the whole growth cone before it is neutralized. The 
subsequent loss of F-actin throughout he growth cone 
leaves the membrane unsupported, and full collapse 
ensues. 
Just as a repulsive cue could activate a second messen- 
ger system that inhibits local actin polymerization and la- 
mellar advancement, an attractive cue could activate a 
complementary second messenger system that increases 
local actin polymerization and lamellar advancement (Cas- 
simeris and Zigmond, 1990). This would bias growth cone 
extension toward an attractive stimulus. Note also that it 
may be possible for a ligand to activate a second messen- 
ger system that induces actin depolymerization i  one type 
of growth cone, but at the same time activates a different 
second messenger system that induces actin polymeriza- 
tion in another type of growth cone. The same ligand could 
then act as a repellent for the first growth cone and an 
attractant for the other. 
This model suggests that a full understanding of growth 
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cone gu idance  will require the  identi f icat ion of the l igands 
that act as gu idance  cues,  their receptors,  the second 
messenger  sys tems they act ivate,  and most  important ly,  
how these in turn affect the moti le mach inery  of the growth 
cone.  
Experimental Procedures 
Tissue Culture and Time-Lapse Recordings 
As described previously (Fan et al., 1993), DRG neurons were removed 
from E7 chick embryos, cut into halves or quarters, and placed onto 
laminin-coated coverslips. Small bits of temporal or nasal retinae from 
E6 chick embryos were explanted similarly. The explants were cultured 
in F-12 medium supplemented with bovine pituitary extract and hor- 
mones for 18-28 hr at 37°C with 5% CO2 (for details, see Fan et al., 
1993). 
Before being moved to the heated stage of a Zeiss Axiovert micro- 
scope for observation, the medium was replaced with a CO2-independent 
medium in which NaHCO3 was replaced by 14 mM NaCI and 20 mM 
HEPES (pH 7.4). A thin layer of mineral oil (Sigma) was gently pipetted 
over the surface of the medium to prevent evaporation during observa- 
tion. Cultures were maintained at 37°C in an OPMI-2 stage mounted 
incubator controlled by a TC-102 temperature controller (Medical Sys., 
Greenvale, NY). 
Growth cones were viewed with phase-contrast optics through a 
40 x Plan lens. The image was magnified further by a 1.6 x Optovar 
auxiliary lens. Time-lapse recording was performed with a Hamamatsu 
C2400 vidicon camera. A Hamamatsu DVS-3000 image processor 
was used to subtract the background, average images, and enhance 
contrast. Images were recorded with a Panasonic TQ-2028F optical 
disc recorder at regular intervals (1 frame/5 s to 1 frame/30 s). 
Preparation of Collapsing Factor 
Collapsing factor was prepared as described previously (Fan et al., 
1993) with minor modifications. Adult chicken brain membranes were 
solubilized in phosphate-buffered saline (PBS) containing 2% sodium 
cholate and cleared by centrifugation for 1 hr at 100,000 x g. The 
extract was passed through a Q-Sepharose anion exchange column 
(Pharmacia). The flow-through was loaded onto a S-Sepharose cation 
exchange column (Pharmacia) and eluted with PBS containing 0.9 M 
NaCI, 0.1% sodium cholate, and 5 mM Tris (pH 7.4). This eluted mate- 
rial was bound to wheat-germ agglutinin (Vector Labs) and eluted with 
PBS, 0.1% sodium cholate, 0.5 M N-acetyI-D-glucosamine, and 5 mM 
HEPES (pH 7.4). The elute was stored at -70°C before use. The 
enriched product collapsed 90% of test DRG growth cones at concen- 
trations between 40 and 80 ng/ml. 
Preparation of Collapsing Factor-Coated Beads 
A suspension of MX-covasphere beads 1 ~m in diameter (Duke Scien- 
tific) were sonicated for 8-12 min in a bath sonicator and mixed with 
freshly thawed collapsing factor at a ratio of 5 p.I of bead suspension 
to 100 p.I of wheat-germ agglutinin eluate (0.1 ~1 of solid beads per 
2 Ilg of protein). The mixture was incubated at 25°C for 75 min with 
gentle agitation and then centrifuged at 14,000 x g for 10 rain to pellet 
the beads. The beads were resuspended in PBS with 100 mM Tris 
(pH 7.0) and sonicated in a bath sonicator for 8-10 min. This step 
blocked unbound reaction sites on the beads. The beads were then 
resuspended and centrifuged twice in CO2-independent F-12 medium. 
They were sonicated in a bath sonicator again for 8-10 min before 
use. The beads were stored on ice and were used no more than 8 hr 
after their preparation. 
The collapsing activity in the wheat-germ agglutinin eluate was as- 
sayed (Raper and Kapfhammer, 1990) before and after the activity 
was coupled to the beads. The collapsing activity per unit volume was 
reduced at least 10-fold after incubation with the beads. Control beads 
were made by incubating collapsing activity-coupled beads at 80°C 
for 30 min and then resuspending them in CO2-independent medium. 
Construction of Figure 4 and the Measurement of Turn Angles 
The position of the center of each growth cone was estimated by eye 
and marked at 20 s intervals on a transparent overlay over the video 
screen. Trajectories were followed from at least 10 min before a growth 
cone contacted a bead until after it lost contact (defined below). All 
the tracings were aligned together by superimposing the bead loca- 
tions and rotating the traces to make the trajectories prior to contact 
parallel to one another. If a bead was on the right side of a growth 
cone, the trajectory was flipped over so that in all cases the bead 
appears to the left of the centerline of each growth cone. 
Figure 5 illustrates how turn angles were measured during encoun- 
ters with beads. T he thick grey line represents the trajectory of a growth 
cone before contacting a bead, and the thick solid line represents the 
trajectory after first contact. The solid line ends at the point at which 
the center of the growth cone passed the bead, or at which it had 
turned away and was no longer able to contact the bead. Line i is the 
direction of growth cone advancement extrapolated from the trajectory 
before contact. Line ii is drawn between the growth cone centers at 
the beginning and end of the trajectory indicated by the solid line and 
between the arrows. The angle of turn (~) was measured as the angle 
between lines i and ii. The angle to the bead upon the first contact 
(00 was measured between line i and the line drawn between the first 
point of contact and the center of the bead. 
Construction of Figure 7 
A radial scale from 0 ° to 180 ° was superimposed on the recorded 
image of a growth cone by aligning the center of the scale with the 
center of the growth cone, and the 90 ° angle with the direction of 
growth cone advancement (i.e., 180 ° from the orientation of the neurite 
shaft). The percentage of frames in which a lamellipodium at a given 
angle advanced was determined at 20 e intervals during the 7 or more 
minutes before any filopodia contacted a bead, and during a time 
interval after which a single filopodium contacted a bead. No lamellar 
contact occurred with the beads during any time in the periods used 
for this analysis. This measurement approximately represents the fre- 
quency with which lamellae advance at a given location during the 
measured interval. Measurements gathered over longer time intervals 
give less noisy estimates of the frequency of lamellar extension. Since 
each growth cone was always moving, the position of the radial scale 
was adjusted from time to time so that it remained centered on the 
growth cone and so that the 90 ° vector corresponded to the direction 
of advancement. The position at which the filopodium contacting the 
bead inserted into the growth cone is marked with an arrow, since as 
the growth cone advanced, this position migrated rearwards. 
Calculation of the Density of Collapsin Molecules 
Coupled to Beads 
The approximate number of collapsin molecules bound to each bead 
was approximated using the following estimates. The amount of col- 
lapsin that causes 50% collapse in 1 ml has been defined as 1 unit 
of activity. Collapsin has been estimated to induce 50% of DRG growth 
cones to collapse at a concentration of approximately 10 pM (Luo et 
al., 1993). The enriched preparations of collapsin used in this study 
contained approximately 200 collapsing units per milliliter. Since re- 
acting 100 ~1 of this material with 9.7 x 107 beads removed nearly 
all activity from the extract, approximately 1300 collapsin molecules 
should be coupled to each bead. 
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